ABSTRACT In recent years, microRNAs have received greater attention in cancer research. These small, non-coding RNAs could inhibit target gene expression by binding to the 3′ untranslated region of target mRNA, resulting in either mRNA degradation or inhibition of translation. miRNAs play important roles in many normal biological processes; however, studies have also shown that aberrant miRNA expression is correlated with the development and progression of cancers. The miRNAs could have oncogenic or tumor suppressor activities. Moreover, some miRNAs could regulate formation of cancer stem cells and epithelial-mesenchymal transition phenotype of cancer cells which are typically drug resistant. Furthermore, miRNAs could be used as biomarkers for diagnosis and prognosis, and thus miRNAs are becoming emerging targets for cancer therapy. Recent studies have shown that natural agents including curcumin, isoflavone, indole-3-carbinol, 3,3′-diindolylmethane, (-)-epigallocatechin-3-gallate, resveratrol, etc. could alter miRNA expression profiles, leading to the inhibition of cancer cell growth, induction of apoptosis, reversal of epithelialmesenchymal transition, or enhancement of efficacy of conventional cancer therapeutics. These emerging results clearly suggest that specific targeting of miRNAs by natural agents could open newer avenues for complete eradication of tumors by killing the drug-resistant cells to improve survival outcome in patients diagnosed with malignancies.
INTRODUCTION
A group of small non-coding RNAs commonly known as microRNAs (miRNAs) are endogenous single-stranded RNAs of 19-25 nucleotides (∼22nt) in length that regulate gene expression by multiple mechanisms. The first miRNA, lin-4, was discovered in 1993 when conducting a genetic analysis in Caenorhabditis elegans (1,2). The lin-4 was found to contain sequences complementary to a repeated sequence element in the 3′ untranslated region (UTR) of lin-14 mRNA, suggesting that miRNA lin-4 could regulate lin-14 mRNA translation via an antisense RNA-RNA interaction (1, 2) . Several years later, another important miRNA, let-7, was discovered also in Caenorhabditis elegans (3). The let-7 was found to be a 21 nucleotide miRNA that was complementary to elements in the 3′ UTR of the heterochronic genes lin-14, lin-28, lin-41, lin-42 and daf-12 (3) . By binding and inhibiting these genes, let-7 could regulate developmental timing in Caenorhabditis elegans. The homologs of the let-7 gene and let-7 miRNA were soon identified in the human, Drosophila, and other animals (4) . Since then, more miRNAs have been discovered, and their functions have been investigated as reviewed recently by us and others (5, 6) . It has been reported that miRNAs are involved in the regulation of many physiological and pathological processes in human, animals, and plants by imperfectly binding to the 3′UTR of target mRNAs leading to translational repression or by target mRNA cleavage because of the imperfect complementarity between miRNA and mRNA.
Emerging evidence suggest that miRNAs play important roles in the development and progression of cancer.
Moreover, experimental results have implicated the critical role of miRNAs in the formation of cancer stem cells (CSCs) and the acquisition of epithelial-mesenchymal transition (EMT) of cancer cells which are critically associated with drug resistance and cancer metastasis. Therefore, targeting specific miRNAs could be a novel therapeutic approach for the treatment of cancers, especially by eliminating CSCs or EMT-type cells that are typically drug resistant. Interestingly, it has been reported that miRNAs could be regulated by natural chemopreventive agents (natural agents), leading to the inhibition of cancer cell growth, EMT, drug resistance, and metastasis (7) (8) (9) (10) (11) . These novel findings suggest that the use of natural agents could open newer avenues for the successful treatment of cancers, especially by combining conventional therapeutics with natural chemopreventive agents that are known to be non-toxic to humans. In this review, we will summarize the current knowledge regarding miRNA biogenesis, miRNAs in cancer, and the novel strategies for targeting miRNAs by natural agents toward better treatment outcome of patients diagnosed with cancers.
BIOGENESIS OF miRNA AND ITS REGULATION ON GENE EXPRESSION
Most miRNA genes are located in intergenic regions more than one kilobase away from annotated genes. Transcription of miRNA genes is mediated by either RNA polymerase II or RNA polymerase III (Fig. 1) . The transcription yields primary miRNA (pri-miRNA), which is hundreds to thousands of nucleotides in length (12, 13) . Most human pri-miRNAs contain a hairpin stem of 33 base-pairs, a terminal loop, and two single-stranded flanking regions upstream and downstream of the hairpin. To become mature miRNA, pri-miRNA undergoes several cleavage and modification steps. The pri-miRNA is first cleaved by the nuclear microprocessor complex formed by the RNase III (Drosha) and the DGCR8 (DiGeorge critical region 8) protein, yielding the precursor miRNA (premiRNA) which is about 70 nucleotides in length (14) (15) (16) (17) (18) (19) . In this process, the double-stranded stem and the unpaired flanking regions are critical for DGCR8 binding and Drosha cleavage. The pre-miRNA is then transported to the cytoplasm by the nuclear export factor Exportin 5, which binds the pre-miRNA (20, 21) . In the cytoplasm, another RNase III (Dicer) in complex with the doublestranded RNA-binding protein TRBP cleaves the premiRNA hairpin and yields an RNA duplex about 22 nucleotides in length (13) . Then, under the mediation of Ago2, the RNA duplex is dissociated to single strand: functional guide strand which is complementary to the target mRNA, and the passenger strand, which is degraded (13, 22, 23) . The functional guide strand, mature miRNA, is incorporated into the RNA-induced silencing complex (RISC) and guides RISC to target mRNA (13, 22, 23) . It is commonly accepted that mature miRNAs regulate gene expression by binding to the 3′ untranslated region (3′UTR) of target mRNA, causing degradation of mRNA or inhibition of their translation to functional proteins ( Fig. 1) (13, 24) . However, how the RISC-miRNA complex actually triggers the silencing of mRNA gene expression requires further detailed investigation.
ROLE OF miRNAs IN CANCER
It has been found that most miRNAs are conserved across species (25) , indicating that they participate in normal biological processes. Indeed, the expression of miRNAs has been recognized as an integral component of many normal biological behaviors. Experimental studies have shown that miRNAs play important roles in cell proliferation, differentiation, apoptotic cell death, stress resistance, and physiological metabolism (26) . However, emerging evidences have also shown that miRNAs are critically involved in the development and progression of cancers (5, 6) . The aberrant expression of miRNAs has been associated with the stage, progression, and metastasis of cancers (27) . Therefore, miRNAs could function as oncogenes or tumor suppressor genes, regulating cellular behavior of cancers. It is known that miRNAs participate in the control of embryonic stem cell differentiation (28) (29) (30) . More importantly, miRNAs have been found to regulate cancer stem cells and EMT-type cells, which are responsible for drug resistance and cancer metastasis (31) (32) (33) (34) (35) (36) . The major miRNAs that play important roles in cancers are discussed in the following sections and listed in Table 1 and Fig. 2 .
THE FUNCTIONAL ROLE OF miRNAs AS ONCOGENES
Among many miRNAs, the miR-21 is a well-known miRNA with oncogenic activity (Fig. 2) . It has been found that miR-21 is up-regulated in various cancers (37) (38) (39) (40) (41) (42) . Studies have shown that inhibition of miR-21 caused an increase in apoptosis due to activation of caspases in human glioblastoma cells, indicating the anti-apoptotic role of miR-21 (39) . In breast cancer cells, knock-down of miR-21 also caused inhibition of cell growth, down-regulation of Bcl-2, and induction of apoptosis in vitro and in vivo (40).
Similar results have been observed in other types of cancer (41) (42) (43) (44) . These studies suggest that miR-21 is oncogenic; however, no target gene of miR-21 was investigated in these studies. In a study investigating the targets of miR-21, results showed that the 3′UTR of Pdcd4, a novel tumor suppressor, contained the sequence complementary to the sequence of miR-21, suggesting that Pdcd4 is a target of miR-21. Further studies have shown that Pdcd4 was inversely correlated with miR-21 levels in colorectal cancer cell lines and tumor tissues. Moreover, cells transfected with anti-miR-21 showed increased Pdcd4 expression (45) , demonstrating that Pdcd4 is a target of miR-21. Recently, several reports confirmed this finding and showed that other molecules, such as bone morphogenetic protein receptor II (BMPRII) and LRRFIP1 (an inhibitor of NF-κB signaling) are also the targets of miR-21 (46) (47) (48) . Several other targets of miR-21 have been summarized in recent review articles published by us and others (5, 6) .
Another class of miRNA such as miR-17-92 cluster consists of miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92-1. The miR-17-92 cluster also showed oncogenic activity in various cancers (49) (50) (51) . Animal study has shown that forced expression of the miR-17-92 cluster and c-myc (52) . Recent reports also showed that miR-17-92 was up-regulated in sonic hedgehog-driven medulloblastomas and induced by N-myc in sonic hedgehog-treated cerebellar neural precursors, suggesting that miR-17-92 cluster involved intimately with the sonic hedgehog pathway in cancer development (53, 54) . These results also suggest that the biological effects of the miR-17-92 cluster are oncogenic (5) . The miR-155 is another oncogenic miRNA (Fig. 2) . Studies using miRNA expression profiling have found increased expression of miR-155 in various cancers (37, (55) (56) (57) (58) . Greither et al. have observed a significant correlation between elevated miR-155 expression and low overall survival (p=0.005) in pancreatic cancers (57) . Furthermore, patients demonstrating elevated miR-155 expression level in tumor tissue possessed a 6.2-fold increased risk of tumorrelated death compared to patients whose tumors showed a lower expression of miR-155 (57) . Moreover, aberrant expression of miR-155 has been believed to serve as a biomarker of early pancreatic neoplasia (58) . In a study identifying specific targets of miR-155, tumor suppressor protein 53-induced nuclear protein 1 (TP53INP1) has been found to be significantly reduced in pancreatic ductal adenocarcinoma. Transfection with an anti-miR-155 oligonucleotide into pancreatic cancer caused re-expression of TP53INP1 and a significant increase in apoptosis, demonstrating that TP53INP1 is a target of miR-155 (59) . In short, the above-mentioned studies clearly suggest the role of some miRNAs as oncogenic (5); however, further research in this area is likely to witness rapid growth as to the role of numerous miRNAs that may be functioning as oncogenic in human malignancies.
THE FUNCTIONAL ROLE OF miRNAs AS TUMOR SUPPRESSORS
It has been found that some miRNAs have tumorsuppressor activity and are down-regulated in cancer (5) . One of the most studied miRNA groups with tumor suppressor activity is the let-7 family (Fig. 2) . The let-7 family consists of let-7, miR-48, miR-84, and miR-241. Studies on let-7 showed that its expression was downregulated in various cancers and that let-7 could be used as biological markers for cancer detection and prognosis (60) (61) (62) (63) . In a study investigating the expression levels of let-7, let-7 has been found to be down-regulated in human lung cancer cell lines and primary human lung cancer tissues (61) . Importantly, clinical study showed that the reduced let-7 expression was correlated to shorter post-operative survival in patients diagnosed with lung cancer. The in vitro study showed over-expression of let-7 in the A549 lung cancer cell line, resulting in a 78.6% reduction in the number of colonies (61) , suggesting the tumor suppressor effects of let-7. Further research on let-7 showed that human Ras 3′UTRs contain multiple sites complementary to the sequence of let-7 family, suggesting that Ras could be a target of let-7. Moreover, transfection of HepG2 cells with let-7 caused about 70% reduction of Ras, whereas transfection of HeLa cells with anti-sense let-7 molecules resulted in the reduced let-7 level and the increase in RAS level (64) , demonstrating that Ras is the target of let-7. Moreover, further studies showed that HMGA2 is another target of let-7 (62) .
In addition to let-7, miR-15 and miR-16 have been known to have tumor-suppressor activity (Fig. 2) . Recent studies have shown that transient transfection with synthetic miR-16 significantly reduced cell proliferation of 22Rv1, Du145, PPC-1, and PC-3M-luc prostate cancer cells (65) . The in vitro studies indicated that miR-16 is likely involved in the suppression of prostate cancer growth by regulating the expression of CDK1 and CDK2, which are associated with cell cycle control and proliferation (65) . It has also been reported that the levels of miR-15 and miR-16 were inversely correlated with bcl-2 expression in CLL cells (66) . Furthermore, transfection of miR-15 and miR-16 caused a significant reduction in bcl-2 expression and the induction of apoptosis (66) , suggesting the effects of miR-15 and miR-16 on apoptotic signaling. In prostate cancer cells, miR-15a and miR-16-1 cluster also targeted CCND1 (encoding cyclin D1) and WNT3A, which promotes several tumorigenic features, such as survival, proliferation and invasion (67) . These results suggest the tumor suppressor activity of miR-15 and miR-16.
Another important miRNA, miR-34 has been found to participate in p53 network showing tumor suppressor activity. In an in vitro study, the structure of the miR-34a primary transcript and promoter has been characterized, and the authors have found that miR-34a could be directly transactivated by p53 (68) . Other reports also showed similar observation documenting that miR-34 could be induced by p53 signaling, suggesting that miR-34 has tumor suppressor activity, and thus it is an important molecule in the p53 tumor suppressor network (68, 69) . The increased expression of miR-34a could result in increased apoptosis and also cause changes in the expression of genes related to cell cycle progression, apoptosis, DNA repair, and angiogenesis (68) . A recent study showed that miR-34 could inhibit human pancreatic cancer tumor-initiating cells and restore the tumorsuppressing function of the p53 in p53-deficient human pancreatic cancer cells (31) , suggesting the anti-cancer effects of miR-34.
THE ROLE OF miRNAs IN THE REGULATION OF CANCER STEM CELLS AND EPITHELIAL-MESENCHYMAL TRANSITION
Emerging evidence suggests the critical role of miRNAs in the formation of cancer stem cells and the acquisition of EMT phenotype. Specific miRNAs have been found to be the regulators of CSCs and EMT through the regulation of EpCAM (ESA), BMI1, E-cadherin and other molecules (32, 70, 71) , and thus miRNAs appear to play important roles in cancer development, EMT, and metastasis (72, 73) . We have investigated the expression levels of miR-200 and let-7 in EMT phenotypic pancreatic cancer cells (8) . We found that miR-200b, miR-200c, and miR-200a were down-regulated in gemcitabine-resistant cells, which is consistent with the EMT phenotype of gemcitabine-resistant cells. We also found that many members of the let-7 family were down-regulated in gemcitabine-resistant cells (EMT-type cells), and these findings are consistent with the aggressiveness of gemcitabine-resistant pancreatic cancer cells (8) . In order to investigate the role of miR-200 family in the reversal of EMT phenotype of gemcitabine-resistant cells, we transfected miR-200a, miR-200b, and miR-200c pre-miRNAs into MiaPaCa-2 cells (gemcitabine resistant) for up to 14 days and found that the re-expression of miR-200 family in the MiaPaCa-2 cells resulted in the up-regulation of epithelial marker E-cadherin and down-regulation of mesenchymal markers including ZEB1 and vimentin both at the mRNA and protein levels (8) . After 14 days of transfection, the morphology of miR-200-transfected MiaPaCa-2 cells was partially changed from elongated fibroblastoid to epithelial cobblestone-like appearance, and the cells appeared to grow in close contact with each other (8) . These results suggest that the loss of miR-200 family is critical for the acquisition of EMT characteristics and that the reexpression of miR-200 could reverse the EMT phenotype of gemcitabine-resistant cells (8) . Moreover, we have also found that re-expression of miR-200b in PDGF-D over-expressing cells (EMT-type cells) led to the reversal of EMT phenotype, which was associated with the down-regulation of ZEB1, ZEB2 and Slug expression, and these results were consistent with increased gene expressions of epithelial markers (35) . In addition, PDGF-D over-expressing cells when transfected with miR-200b showed inhibition of cell migration and invasion with concomitant repression of cell adhesion to culture surface and cell detachment (35) . In another study, miR-34 showed inhibition of human pancreatic cancer tumor-initiating cells as described earlier (31) . These findings suggest that miRNAs play important roles in the formation of CSCs and the maintenance of the CSCs niche, and are also associated with the acquisition of EMT phenotype of human cancers.
RELEVANCE OF miRNAs IN CANCER PATIENTS
In recent years, in vitro and in vivo studies have indicated that miRNAs could be used as diagnostic and prognostic markers. Moreover, recent experiments also showed that miRNAs could be novel targets for cancer therapy as detailed below and also indicated in a recent review article published by our laboratory and others (5, 6) .
miRNA as Diagnostic and Prognostic Markers
Several studies have focused on profiling miRNA expression in various cancers. The results suggest that different types of cancer could be distinguished by miRNA profiling; hence, miRNA profiling could be diagnostically important. Blenkiron et al. examined miRNA expression in 93 primary human breast tumors using a flow cytometric miRNA expression profiling method (74) . They classified the breast tumors as luminal A, luminal B, basal-like, HER2+, and normal-like based on the miRNA expression profiling. Further analysis showed that miRNAs were differentially expressed between these tumor-subtypes and that some of miRNAs were associated with clinicopathological features. These authors have also found that miRNAs could be used to classify basal versus luminal tumor subtypes (74) , which is likely to provide additional information for pathological diagnosis. Porkka et al. reported the profiling analysis of different types of prostate tumor and prostate cancer cell lines. They found differential expression of 51 miRNAs between benign tumors and carcinoma tumors. Importantly, they were able to successfully distinguish prostate carcinoma from benign prostatic hyperplasia using clustering analysis of the tumor samples (75) . Another study on profiling miRNA expression in prostate cancers also showed five miRNAs (miR-23b, −100, −145, −221 and −222) that were significantly down-regulated in prostate cancer (76) . Raponi et al. also identified fifteen miRNAs that were differentially expressed between normal lung and lung squamous cell carcinoma (77) . Other investigators also found that the alternations in miRNA expression profiles could be used as markers for cancer diagnosis for various cancers (78) (79) (80) .
It has been reported that miRNAs could also be used as markers for prediction of cancer prognosis (77, (81) (82) (83) . Approximately 50% of all annotated human miRNAs are located in the areas of genome associated with cancer or fragile sites, suggesting that miRNAs could play critical roles in cancer progression (84) . Therefore, the alterations in specific miRNAs could predict the prognosis of cancer. In lung squamous cell carcinoma, several miRNAs including miR-155, let-7, and miR-146a have been found to have prognostic value (77) . Among them, miR-146b alone was found to have the strongest prediction accuracy for stratifying prognostic groups. These miRNA signatures were also superior in predicting overall survival (77) . In another study on lung adenocarcinomas, miRNA expression profiling and univariate/multivariate analysis were conducted. It was found that high miR-155 and low let-7a expression correlated with poor survival (83) . In breast cancer, nine miRNAs, including miR-21, miR-365, miR181b, let-7f, miR-155, miR-29b, miR-181d, miR-98, and miR-29c, were found to be up-regulated, whereas miR-497, miR-31, miR-355, miR-320, miR-127, and miR-30a-3p were down-regulated (82) . Importantly, the most significantly up-regulated miRNA was miR-21, which was correlated with advanced tumor stage, lymph node metastasis, and poor survival of the patients, suggesting that miR-21 could serve as a molecular prognostic marker for breast cancer aggressiveness (82) . A similar result was observed in pancreatic cancer. Up-regulation of miR-21 was strongly associated with both a high Ki67 proliferation index marker expression and the presence of liver metastasis (85) . In addition, miR-196a-2 has been found to be significantly predictive of survival of patients diagnosed with pancreatic cancer (86) . These findings clearly demonstrate the value of miRNA expression as diagnostic and prognostic markers for human cancers.
It is interesting to note that miRNAs are maintained in a protected state in serum and plasma. The miRNAs in plasma could be packaged inside exosomes that are secreted from cells; therefore, they are protected from endogenous RNase activity (87) . This property of miRNAs allows the detection of miRNA expression directly from human serum. This increases the value of miRNA expression profiling as biomarkers for cancer detection. Circulating miRNA offers unique opportunities for early diagnosis of cancer and prediction of prognosis. The specificity and simplicity of the reported detection of serum/plasma miRNAs are particularly striking, suggesting that serum-based miRNA detection could emerge as revolutionary sources for cancer diagnosis and prognosis. Lodes et al. recently reported an evaluation of miRNA expression patterns in human serum from the patients diagnosed with prostate, colon, ovarian, breast and lung cancers using a miRNA high density microarray (88) . When conducting the microarray data analysis for assessing the presence of miRNAs, all human miRNAs could theoretically be analyzed using either fluorescent or electrochemical signals. Further experimental findings showed that sufficient miRNAs were present in one milliliter of serum for detecting all miRNA expression without amplification techniques, and these authors have also successfully used the miRNA expression patterns, which were found to correctly discriminate between normal and cancer patient samples (88). Zhu et al. measured miRNAs in the serum samples and found that they were able to detect endogenous miR-16, −145, and −155 in all serum samples (89) . They also found that women with progesterone receptorpositive tumors had higher miR-155 expression than tumors that were negative for these receptors, suggesting that patients with breast cancers could have differentially expressed miR-155 in the serum dependent on hormone sensitivity of breast cancers (89) . In addition, miRNA expression patterns in serum/plasma have also been demonstrated in lymphoma, lung, colorectal, and ovarian cancers (90) (91) (92) , suggesting the value of serum miRNAs in cancer patients. Circulating miRNAs have also been used as potential biomarkers for drug-induced liver injury (93) . Using acetaminophen overdose-induced liver injury in mouse as a model system, Wang et al. have found highly significant differences in the spectrum and levels of miRNAs in both liver tissues and plasma between control and overdosed animals. The miR-122 and miR-192 were enriched in the liver tissue and exhibited dose-and exposure duration-dependent changes in the plasma which correlated with the histopathology of liver degeneration, suggesting the value of miRNAs as biomarkers for druginduced liver injury (93) .
miRNA as a Target for Cancer Therapy
Targeting miRNAs for cancer therapy is an emerging field in human cancer. In recent years, researchers have attempted to alter the expression of miRNAs so that the inhibition of cancer growth and the increase in chemotherapeutic drug sensitivity could be achieved. The strategies for the regulation of miRNAs in cancer could include inactivation of oncogenic miRNAs, activation of tumor suppressor miRNAs, and targeting specific miRNAs to restore drug sensitivity. Several studies have shown that anti-sense oligonucleotides could block the function of miRNAs (94) (95) (96) . Using synthesized anti-miR-21 oligonucleotides, which is believed to be an oncogenic miRNA, the activity of miR-21 was inhibited (95) . Importantly, animal studies have shown that intravenous administration of antisense oligonucleotides against miR-16, miR-122, miR-192 and miR-194 resulted in a marked reduction of corresponding miRNA levels in liver, lung, kidney, heart, intestine, fat, skin, bone marrow, muscle, ovaries and adrenals (97) . This silencing of endogenous miRNAs was specific, efficient and long-lasting. Furthermore, the activity of miR-122 and its downstream genes was altered upon anti-sense oligonucleotide administration (97) . These results suggest that silencing of specific oncogenic miRNAs in vivo could represent a therapeutic strategy for cancer treatment. In addition, using synthetic miRNAs to target mRNAs of oncogenes have also been shown to be efficacious in the inhibition of cancer (98) .
Re-expression of tumor suppressor miRNAs is another important strategy in the field of cancer treatment. We and others have shown that up-regulation of let-7 tumor suppressor miRNA by natural agents or exogenously transfected pre-let-7 could lead to the inhibition of cell growth of lung, liver, and pancreatic cancer cells (8, 60) , suggesting the value of restoring tumor suppressor miRNAs in cancer treatment. We and others have also found that let-7 and miR-200 are associated with sensitization of cancer cells to chemotherapeutics, and also to radiation therapy (8, 99) . Up-regulation of let-7 and miR-200 in lung or pancreatic cancer cells restored their radiosensitivity and chemosensitivity (8, 99) , suggesting that these strategies could become a novel approach for regulating the miRNAs toward enhancing the efficacy of cancer therapy. It is important to note that using "natural agents" that are nontoxic for the regulation of miRNAs, and, thus, increasing therapeutic efficacy could open newer avenues for successful treatment of cancers, and therefore our current understanding of this field is discussed in the following sections.
REGULATION OF miRNA BY NATURAL AGENTS
Since miRNA has been known to play important roles in the progression of cancer, the formation of cancer stem cell, and the acquisition of EMT phenotype, it is reasonable to believe that targeting miRNA could be a novel strategy for cancer treatment. Indeed, more and more experimental studies have shown that knock-down or re-expression of specific miRNA could induce drug sensitivity, inhibit proliferation of cancer cells, and suppress cancer cell invasion and metastasis. Importantly, recent studies have shown that natural agents, including curcumin, isoflavone, I3C, DIM, EGCG, and others, could alter the expression of specific miRNAs, which may lead to increased sensitivity of cancer cells to conventional agents, and thereby inhibition of tumor growth (Table 2 and Fig. 3 ). These phenomena are consistent with previous study in animals showing that diets could regulate the expression level of miRNAs with up-regulation of miR-705 and miR-1224, and downregulation of miR-182, miR-183, and miR-199a-3p (100). Most studies regarding the effects of natural agents on the expression of miRNAs were conducted by using miRNA array to uncover the alterations in miRNA expression profile upon natural agent treatment. The specific miRNAs altered by natural agents were subsequently confirmed by RT-PCR. Moreover, the targets of specific miRNAs were (120) (121) (122) mechanistically investigated to reveal the role of specific miRNAs in the regulation of cellular signaling by natural agents. The changes in biological behavior after reexpression or knock-down of specific miRNAs showed the inhibitory effects of natural agents on cancer cells through the regulation of miRNAs. Considering the non-toxic characteristics of natural agents, targeting miRNAs by natural agents combined with conventional chemotherapeutics could be a novel and safer approach for the treatment of cancer. We believe that such strategy could be better in eradication of drug-resistant cells, such as CSCs and EMT-type cells, toward complete cure of patients diagnosed with human malignancies because the elimination of CSCs or EMT-type cells will lead to the elimination of tumor recurrence. Indeed, the natural agents and their synthetic analogs have received greater attention in the field of cancer research in recent years. Cancer cells are known to have alterations in multiple cellular signaling pathways. Perhaps this is the reason why specific inhibitors or gene therapies that target only one molecule have typically failed in cancer treatment. Based on the molecular evidence showing that natural agents could target multiple cellular signaling pathways, more and more clinical trials are being conducted to investigate the value of natural agents in human cancer (www.ClinicalTrials.gov). Although these natural compounds are generally consumed fairly regularly, it is important to note that the low water solubility, poor in vivo bioavailability and unacceptable pharmacokinetic profile of these natural agents limit their efficacy as anticancer agents for solid tumors (101, 102) . Therefore, the development of the synthetic analogs of natural agents based on the structure-activity assay and the encapsulation of natural agents with liposome or nanoparticles for enhancing the anti-tumor activity of these natural agents is an exciting area of research. Emerging in vitro and in vivo studies clearly suggest that these analogs and formulations of natural agents could be much more potent for prevention and/or treatment of various cancers (103) (104) (105) . We believe that cancer chemotherapeutics combined with natural agents that are typically known and chemopreventive agents, which target miRNA and other signaling, could be an important novel strategy for the prevention of tumor progression and/or treatment of cancers.
THE ROLE OF CURCUMIN IN REGULATING miRNAs
Curcumin is a natural compound present in turmeric and has been known to possess both anti-inflammatory and antioxidant effects. Moreover, it has also been studied as a cancer chemopreventive agent in various cancers (106, 107) . In vitro and in vivo studies have shown its inhibitory effects on cancers through its anti-proliferative and pro-apoptotic activities. It has been known that curcumin regulates the expression of genes that are critically involved in the regulation of cellular signaling pathways, including NF-κB, Akt, MAPK, and other pathways (106, 108) . These signaling pathways could be regulated by miRNAs. Recently, Sun et al. reported the miRNA expression profiles altered by curcumin in pancreatic cancer cells (11) (Fig. 3 and Table 2 ). To obtain the miRNA expression profiles, they conducted oligonucleotide microarray analysis in pancreatic cancer cells treated with curcumin. The altered expressions of miRNA on the arrays were validated by realtime PCR. Additionally, potential mRNA targets were analyzed by bioinformatics and further confirmed by flow cytometry experiments. They found that curcumin altered miRNA expression in human pancreatic cancer cells with up-regulation of miR-22 and down-regulation of miR-199a. They also found that up-regulation of miR-22 expression by curcumin or by transfection with pre-miR-22 in BxPC-3 pancreatic cancer cells suppressed the expression of its target genes SP1 transcription factor (SP1) and estrogen receptor 1 (ESR1). Moreover, inhibition of miRNA-22 by anti-sense oligonucleotide enhanced SP1 and ESR1 expression, demonstrating that SP1 and ESR1 are the legitimate target genes of miR-22 (11) . These results suggest that curcumin could inhibit the proliferation of pancreatic cancer cells through the regulation of specific miRNAs; however, further in-depth research is needed in order to fully appreciate the beneficial effects of curcumin. 
THE ROLE OF ISOFLAVONES IN THE REGULATIION OF miRNAs
Soy isoflavones such as genistein, daidzein, and glycitein are mainly derived from soybean. Isoflavone genistein has been found to inhibit cancer cell growth, invasion, and metastasis in vivo and in vitro (109) (110) (111) . These effects of isoflavone could be mediated via the regulation of miRNA (Table 2 and Fig. 3) . We have investigated the regulatory effects of isoflavone on miRNA in pancreatic cancer cells as discussed below. It has been well known that the aggressiveness of pancreatic cancer is in part due to its intrinsic and extrinsic drug resistance characteristics, which are also associated with the acquisition of EMT. As we have described above, experimental evidence suggests that the processes of EMT are regulated by the expression status of many miRNAs. Therefore, we compared the expression of miRNAs between gemcitabine-sensitive and gemcitabine-resistant pancreatic cancer cells and investigated whether the treatment of cells with isoflavone could affect the expression of miRNAs. We found that the expression of miR-200b, miR-200c, let-7b, let-7c, let-7d, and let-7e was significantly down-regulated in gemcitabine-resistant cells, which showed EMT characteristics such as elongated fibroblastoid morphology, lower expression of epithelial marker Ecadherin, and higher expression of mesenchymal markers such as vimentin and ZEB1 (8) . Moreover, we found that re-expression of miR-200 by pre-miR-200 transfection or treatment of gemcitabine-resistant cells with isoflavone resulted in the up-regulation of miR-200 and the downregulation of ZEB1, slug, and vimentin, which was consistent with morphologic reversal of EMT phenotype leading to epithelial morphology (8) . Isoflavone could also induce the expression level of let-7, leading to the inhibition of cancer cell growth (8) . These results suggest that isoflavone could function as miRNA regulators, leading to the reversal of EMT phenotype, and that the induction of miR-200 and let-7 by isoflavone could be important for designing novel therapies for cancers.
THE ROLE OF miRNA MODULATION BY I3C AND DIM
Indole-3-carbinol (I3C) and its in vivo dimeric product DIM are produced from naturally occurring glucosinolates found in the family Cruciferae. I3C and DIM have shown inhibitory effects on cancer cell growth through the modulation of genes that are related to the control of cell proliferation, cell cycle, apoptosis, signal transduction, oncogenesis, and transcription regulation (112) (113) (114) . I3C and DIM could also regulate specific miRNAs which function as tumor suppressors or oncogenes, leading to the inhibition of cancer cell growth (Table 2 and Fig. 3) . Melkamu et al. investigated the miRNA expression in lung cancer and examined whether I3C could reverse vinyl carbamate-induced deregulation of miRNA levels in lung tissues of female A/J mice (7) . By microarray analysis, they found that miR-21, miR-31, miR-130a, miR-146b, and miR-377 were consistently up-regulated while miR-1 and miR-143 were down-regulated in lung cancer compared to normal lungs (7) . Moreover, the up-regulation of miR-21, miR-31, miR-130a, miR-146b, and miR-377 observed in vinyl carbamate-treated animals was abrogated by I3C treatment, suggesting that I3C could inhibit the expression of these oncogenic miRNAs. Further investigation showed that PTEN, PDCD4, and RECK were potential targets of miR-21 (5) and that I3C up-regulated these tumor suppressor genes though inhibition of miR-21 (7). Therefore, targeting miR-21 by I3C could be a novel strategy for cancer treatment.
We have also investigated whether DIM could reverse EMT status by regulation of miRNA in pancreatic cancer (8) . Since we found that the expression of miR-200b, miR-200c, let-7b, let-7c, let-7d, and let-7e was significantly downregulated in gemcitabine-resistant cells with EMT characteristics, we treated the gemcitabine-resistant cells with 25 μM DIM, and we found that the expression of miR-200 and let-7 families were up-regulated in gemcitabine-resistant cells by DIM treatment. Moreover, DIM treatment resulted in the down-regulation of ZEB1, slug, and vimentin, and the morphologic reversal of EMT to epithelial morphology (8) . These results clearly showed that I3C or DIM could function as miRNA regulators and that DIM could reverse EMT phenotype, suggesting that DIM could be used for designing novel therapies for pancreatic cancer by specifically targeted inactivation of miRNAs.
THE EFFECT OF EGCG ON miRNAs
EGCG is a major type of green tea polyphenols, and it is known for its antioxidant and anticancer activities in several types of cancer (115, 116) . EGCG also showed to regulate miRNAs (Table 2 and Fig. 3 ). Tsang et al. recently reported the influence of EGCG on the expressions of miRNAs in human cancer cells (117) . By miRNA microarray analysis, they found that EGCG treatment could modify the expressions of some miRNAs in human hepatocellular carcinoma HepG2 cells. EGCG treatment resulted in the alterations in the expression levels of total 61 miRNAs with up-regulation of 13 miRNAs and down-regulation of 48 miRNAs. Among them, miR-16 was one of the miRNAs up-regulated by EGCG. Importantly, miR-16 has been confirmed to target and inhibit anti-apoptotic protein Bcl-2. Consistent with miRNA data, they found that EGCG treatment down-regulated Bcl-2 and induced apoptosis in HepG2 cells. Further experiment showed that transfection with miR-16 inhibitor suppressed miR-16 expression and attenuated the effect of EGCG on Bcl-2 down-regulation and induction of apoptotic cell death (117) . These results demonstrate the role of miR-16 in regulating Bcl-2 and apoptosis and also provide experimental evidence showing that EGCG could inhibit cancer cell growth through the regulation of miRNAs; however, further in-depth studies are needed in multiple human cancer cell lines in order to fully appreciate the targeted effects of EGCG in the regulation of miRNAs.
THE EFFECTS OF RESVERATROL ON miRNAs
Resveratrol (3,5,4′-trihydroxystilbene) is a phytoalexin present in a wide variety of plant species, including grapes, mulberries, and peanuts. Experimental studies have shown that resveratrol inhibits the growth of various cancer cells and induces apoptotic cell death (118, 119) . Resveratrol could also regulate the expression of miRNA. A study reported by Lukiw et al. has shown that resveratrol analog CAY10512 regulated the expression of miR-146a (10). They found that miR-146a was up-regulated and complement factor H (CFH), an important repressor of the inflammatory response in the brain, was down-regulated in the brain of Alzheimer disease. The sequence of miR146a was highly complementary to the 3′UTR of CFH, suggesting that CFH is a target of miR-146a. Further experiments showed that transfection of human neural cells with pre-miRNA-146a promoter-luciferase reporter construct in stressed human neural cells showed significant upregulation of luciferase activity and low level of CFH gene expression, consistent with the observations on the brain of Alzheimer disease. Importantly, treatment of stressed human neural cells with resveratrol analog CAY10512 or an anti-sense oligonucleotide to miRNA-146a could inhibit miR-146a and restore CFH expression levels (10) . These data indicate that resveratrol could regulate the expression of specific miRNA and alter the signaling transduction, leading to the alterations in cell physiological behavior, and the results thus far clearly suggest that further research in this area is urgently needed.
EMERGING EVIDENCE ON THE ROLE OF OTHER NATURAL AGENTS IN THE REGULATION OF miRNAs
Other dietary factors have also been found to regulate miRNA expression, resulting in the alterations of target gene expression. To investigate the effects of exposure to environmental factors, such as alcohol, a study has been conducted to examine the expression levels of 509 mature miRNAs in fetal mouse brain with or without prenatal ethanol exposure using miRNA microarray and RT-PCR (120) . It has been found that miR-10a, miR-10b, miR-9, miR-145, miR-30a-3p and miR-152 were up-regulated, while miR-200a, miR-496, miR-296, miR-30e-5p, miR-362, miR-339, miR-29c and miR-154 were down-regulated in fetal brain with prenatal ethanol exposure. However, folic acid could down-regulate miR-10a (120) , suggesting the effects of dietary factors on miRNA. Dietary vitamin E has been known to regulate gene expression by altering mRNA concentrations. It has been found that vitamin E deficiency could result in reduced hepatic concentrations of miR-122a and miR-125b, which are related to lipid metabolism, cancer, and inflammation (121) . Reports also showed that dietary components such as folate and retinoids could exert inhibitory effects on cancer through modulation of miRNA expression (122) . All these results demonstrate that miRNA profiling could be useful as biomarkers for cancer prevention, diagnosis, prognosis, and assessing nutritional status in dietary intervention studies (122) .
CONCLUDING REMARKS AND PERSPECTIVES
In conclusion, we believe that miRNAs deserve more attention in cancer research (5, 6) . These small, noncoding RNA molecules could inhibit target gene expression by binding to the 3′UTR of target mRNA, resulting in either mRNA degradation or inhibition of translation. Importantly, aberrant miRNA expression has been correlated with tumor development, cancer progression, the formation of CSCs and the acquisition of EMT phenotype, a process that shares similar molecular characteristics with CSCs. Most importantly, miRNAs have been characterized as the biomarkers for diagnosis and prognosis, and thus miRNAs are becoming attractive targets for cancer therapy. To that end, emerging evidence is beginning to suggest that natural agents could be useful for targeting miRNAs, which in turn could enhance the efficacy of conventional cancer therapies. Therefore, targeting miRNAs by natural agents that are also known as cancer chemopreventive agents could open newer avenues to eradicate tumors toward successful treatment of cancer by eliminating CSCs or EMT-type cells that are increasingly being recognized as the cells causing tumor recurrence after conventional therapies. It is our perspectives that recent reports reviewed above clearly provide tantalizing results showing that natural agents such as curcumin, isoflavone, I3C, DIM, EGCG, resveratrol, etc. could alter miRNA expression profiles, leading to the inhibition of cancer growth, induction of apoptosis, reversal of EMT phenotype, and increasing drug sensitivity. Therefore, regulation of miRNAs by natural agents could be a novel strategy toward designing combination approaches with conventional therapies for the prevention of tumor recurrence and achieving successful treatment outcome of patients diagnosed with cancers.
